The activity of X box-binding protein 1 (XBP1), a master transcriptional regulator of endoplasmic reticulum (ER) homeostasis and the unfolded protein response (UPR), is controlled by a two-step noncanonical splicing reaction in the cytoplasm. The first step of nuclease cleavage by inositol-requiring enzyme 1 (IRE1), a protein kinase/endoribonuclease, is conserved in all eukaryotic cells. The second step of RNA ligation differs biochemically among species. In yeast, tRNA ligase 1 (Trl1) and tRNA 2-phosphotransferase 1 (Tpt1) act through a 5-PO 4 / 3-OH pathway. In metazoans, RNA 2,3-cyclic phosphate and 5-OH ligase (RtcB) ligate XBP1 exons via a 3-PO 4 /5-OH reaction. Although RtcB has been identified as the primary RNA ligase, evidence suggests that yeast-like ligase components may also operate in mammals. In this study, using mouse and human cell lines along with in vitro splicing assays, we investigated whether these components contribute to XBP1 splicing during ER stress. We found that the mammalian 2-phosphotransferase Trpt1 does not contribute to XBP1 splicing even in the absence of RtcB. Instead, we found that 2,3-cyclic nucleotide phosphodiesterase (CNP) suppresses RtcB-mediated XBP1 splicing by hydrolyzing 2,3-cyclic phosphate into 2-phosphate on the cleaved exon termini. By contrast, RNA 3-terminal cyclase (RtcA), which converts 2-phosphate back to 2,3-cyclic phosphate, facilitated XBP1 splicing by increasing the number of compatible RNA termini for RtcB. Taken together, our results provide evidence that CNP and RtcA fine-tune XBP1 output during ER stress. . 2 The abbreviations used are: ER, endoplasmic reticulum; XBP1, X boxbinding protein 1; UPR, unfolded protein response; IRE1, inositol-requiring enzyme 1; Trl1, tRNA ligase 1; Tpt1, tRNA 2Ј-phosphotransferase 1; CNP, 2Ј,3Ј-cyclic nucleotide phosphodiesterase; XBP1s, spliced form of X-box binding protein 1
The endoplasmic reticulum (ER) 2 serves many diverse functions that include the synthesis, translocation, folding, and modification of secretory and membrane proteins (1) . The protein-rich environment makes this organelle highly susceptible to physiological or pathological perturbations of proteostasis, which can trigger ER stress. An adaptive signaling network known as the unfolded protein response (UPR) has evolved to regulate ER function in response to such perturbations (2) . The mammalian UPR consists of three parallel signaling mechanisms: (i) noncanonical splicing through IRE1␣, (ii) translation control by pancreatic endoplasmic reticulum kinase (PERK), and (iii) proteolysis and translocation of activating transcription factor 6 (ATF6) (2, 3) . Collectively, signaling initiated by these three ER-resident sensors leads to inhibition of protein loads, degradation of unfolded proteins, and an increase of ER chaperones to restore ER function (4) .
The IRE1 branch of the UPR is conserved from yeast to mammals (2) . The primary signaling output for this branch is a basic leucine zipper transcription factor, XBP1 in metazoans and Hac1 in yeast (5, 6) . During ER stress, XBP1/Hac1 mRNA undergoes two-step unconventional splicing to generate a mature transcript that encodes full-length active XBP1/Hac1 protein. In the first step, yeast IRE1 cleaves a 252-nucleotide intron from Hac1 precursor mRNA (7) , whereas mammalian IRE1␣ cleaves a 26-nucleotide intron from the XBP1u mRNA (8, 9) . Precise removal of the introns extends the reading frame to encode a longer and active form of the transcription factors. In the second splicing step, yeast and mammalian cells utilize different RNA ligases to rejoin cleaved exons. Upon IRE1 cleavage, HAC1/XBP1 splice sites terminate with 2Ј,3Ј-cyclic phosphate and 5Ј-OH, respectively (10, 11) . In yeast, a multifunctional enzyme, Trl1, works through a 5Ј-PO 4 /3Ј-OH (5Ј-3Ј) ligation mechanism (12) . The reaction in yeast involves four steps to complete the ligation: (i) hydrolysis of 2Ј,3Ј-cyclic phosphate bond, (ii) phosphorylation of the 5Ј-hydroxyl group, (iii) ligation of the two ends, and (iv) removal of 2Ј-phosphate from the junction (13) (14) (15) (16) . Trl1 catalyzes the first three steps of the 5Ј-3Ј pathway using different enzyme activities that reside in three independent functional domains (cyclic phosphodiesterase, polynucleotide kinase, and RNA ligase) (14) . To complete the reaction, the 2Ј-phosphotransferase Tpt1 removes 2Ј-phosphate of the noncanonical 2Ј-phosphomonoester, 3Ј,5Ј-phosphodiester linkage (16, 17) . By contrast, mammalian cells utilize RtcB in a single-step 3Ј-PO 4 /5Ј-OH (3Ј-5Ј) ligation reaction to reunite IRE1-cleaved XBP1 exons (18 -21) . Despite a mechanistically different ligation step among species, noncanonical mRNA splicing during the UPR results in functionally active proteins, XBP1s or HAC1. Both transcription factors act to elicit a robust UPR transcriptional program that increases protein folding capacity and reestablishes homeostasis in the ER (5, 6) .
Several labs, including ours, have recently identified RtcB as a UPR RNA ligase responsible for XBP1 splicing during ER stress in metazoans (18 -20) . Although it is evident that RtcB contributes to the majority of RNA ligase activity in mammalian cells, existing evidence suggested that a yeast-like 5Ј-3Ј RNA ligase may also operate in mammalian cells. For example, a previous biochemical study showed that HeLa cell extracts possessed a ligase activity that utilized ␥-phosphate of ATP to form the phosphodiester bond at the tRNA exon-exon junction, leaving a 2Ј-phosphate (22) . However, the identity of such RNA ligase remains unknown. It has also been shown that mammalian genomes encode some proteins that share parts of the enzymatic activities required for the yeast 5Ј-3Ј RNA ligation. These proteins include 2Ј,3Ј-cyclic nucleotide phosphodiesterase (CNP), Clp1 (RNA 5Ј-kinase), and Trpt1 (2Ј-phosphotransferase). Moreover, CNP was shown to complement the loss of Trl1's cyclic phosphodiesterase activity in yeast (23) . Similarly, human Clp1 and Trpt1 were able to rescue the corresponding mutations in yeast (24, 25) . Thus, these proteins may participate in noncanonical RNA splicing as a parallel pathway in mammals. Although a role for these proteins in the UPR has not yet been demonstrated, genetic studies clearly show that mutations in CNP (26) and Clp1 (27, 28) are implicated in neurodegeneration. CNP-deficient mice were shown to develop axonal swelling and neurodegeneration throughout the brain that led to hydrocephaly and premature death (26) . Mutations abolishing Clp1 kinase activity also resulted in neurodegeneration in mice (29) , humans (27, 28) , and zebrafish (27) . Given the known enzymatic activities of CNP and Clp1, molecular deficits associated with 5Ј-3Ј RNA ligation (e.g. XBP1 splicing) may contribute to degenerative phenotypes seen in the nervous system.
In contrast, Trpt1 Ϫ/Ϫ mice showed an overall normal phenotype (30) . Although the 2Ј-phosphotransferase activities were not detectable in Trpt1-null cells, no XBP1 splicing defect was found (31) . These results suggested that a 5Ј-3Ј RNA ligation pathway may not contribute significantly to the outcome of XBP1 splicing. One caveat for this interpretation is that RtcBmediated 3Ј-5Ј and putative 5Ј-3Ј RNA ligation pathways may be redundant in this regard. In this scenario, the major RNA ligase RtcB could potentially mask the contribution of 5Ј-3Ј RNA ligation or Trpt1. Consistent with this possibility, we observed residual XBP1 splicing activity in RtcB conditional knockout cells (18) . Moreover, the residual activity was nearly abolished by genetic rescue with a ligase-dead RtcB, suggestive of a compensatory unknown RNA ligase (18) .
In this study, we set to further investigate the function of putative 5Ј-3Ј RNA ligation in mammalian cells. First, we performed Trl1 genetic rescue, showing that 5Ј-3Ј RNA ligase was sufficient to rescue RtcB deficiency in mammalian cells and that Trpt1 was required for an operational 5Ј-3Ј RNA ligation pathway. However, by generating cells deficient for both RtcB and Trpt1, we found that Trpt1 did not have a contribution to the endogenous XBP1 splicing. Next, we examined the role of CNP, another component of the 5Ј-3Ј pathway. We demonstrated that CNP acts to negatively regulate RtcB-dependent XBP1 splicing instead of working in parallel. Furthermore, we showed that RNA 3Ј-terminal cyclase (RtcA) counteracts CNP to enhance XBP1 splicing. Collectively, our results elucidate a new mechanism that controls the level of XBP1 splicing during ER stress.
Results

Yeast 5-3 RNA ligase Trl1 is able to rescue RtcB deficiency
Two distinct biochemical pathways have been described to mediate noncanonical RNA splicing downstream of endonucleolytic cleavage in yeast and mammalian cells ( Fig. 1A) (32, 33) . Although it is evident that RtcB acts as a major RNA ligase in mammals, earlier biochemical evidence suggested that a yeast-like RNA ligation pathway may operate in mammalian cells (22, 27) . Consistent with this idea, putative mammalian candidate proteins (CNP, Clp1, and Trpt1) that can act sequentially in the 5Ј-3Ј pathway have been identified ( Fig. 1A, top) . As a first step to test this hypothesis, we carried out a genetic rescue experiment using the known multifunctional yeast 5Ј-3Ј RNA ligase Trl1. We had previously generated an RtcB conditional knockout (RtcB cKO) mouse ES cell line (E8H2) (18) . Upon 4-OHT-induced RtcB deletion, E8H2 cells failed to survive due to RNA ligation defects in tRNA splicing. As shown in Fig. 1B , overexpression of Trl1 in RtcB cKO cells was able to rescue the viability of RtcB-deficient cells upon 4-OHT treatment. In line with this cell viability result, the defect of tyrosine tRNA splicing in RtcB-depleted cells (4-OHT-treated E8H2) was also rescued by yeast Trl1 (Fig. 1C ). As shown previously (18) , FLAG-RtcB cDNA expression completely rescued XBP1 splicing in E8H2 cells ( Fig. 1D ). In comparison, Trl1 expression in E8H2 cells partially rescued XBP1s protein expression upon ER stress when RtcB was depleted ( Fig. 1E ). Taken together, our data show that yeast 5Ј-3Ј RNA ligase can function in tRNA and XBP1 splicing in mammalian cells.
Mammalian Trpt1 is required for Trl1-mediated rescue of RtcB cKO cells
Yeast Trl1 contains three of four enzymatic activities that are required to fulfill a functional 5Ј-3Ј RNA ligation pathway (14) . A 2Ј-phosphotransferase (Trpt1 in mammals) is essential to remove 2Ј-phosphate at Trl1-ligated splice junctions (34) . To test whether Trl1 genetic rescue in RtcB cKO cells requires Trpt1, we generated a Trpt1 and RtcB double knockout ES cell line (T10D6) using a gene-targeting strategy ( Fig. 2A, left) . Western blot analysis confirmed that no Trpt1 was expressed in T10D6 cells ( Fig. 2A, right) . A previous study showed that Trpt1-null mouse embryonic fibroblasts have no detectable 2Ј-phosphotransferase activity (31) . In contrast with Trpt1 ϩ/ϩ E8H2 cells, Trl1 failed to rescue the cell viability in Trpt1 Ϫ/Ϫ RtcB cKO T10D6 cells when both proteins were absent ( Fig.  2B ). As a control, we carried out genetic rescue experiments using both Trl1-and Trpt1-expressing PiggyBac vectors in T10D6 cells (Fig. 2C ). When both Trl1 and Trpt1 were reintroduced, RtcB deficiency was successfully rescued. Thus, our results demonstrate that a fully functional 5Ј-3Ј yeast-like RNA ligation pathway is required to compensate for RtcB function in mammalian cells.
Trpt1 does not significantly contribute to endogenous XBP1 splicing
We previously showed that RtcB-depleted cells maintained a low level of XBP1 splicing and that expression of ligase-dead RtcB in RtcB cKO cells caused a nearly complete loss of XBP1 splicing (18) . One interpretation is that an additional RNA ligase might compensate for RtcB function. Given a previous report that describes the activity of a yetto-be-identified 5Ј-3Ј RNA ligase in HeLa cell extract (22) , we set out to test whether putative components of a mam- 
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malian 5Ј-3Ј RNA ligation pathway contribute to endogenous XBP1 splicing.
It has been previously shown that mice deficient for Trpt1 have no obvious defect in the UPR-induced XBP1 splicing (31). As described in Fig. 2 , Trpt1 is essential for a 5Ј-3Ј RNA ligation pathway to operate in mammalian cells. Considering the recent finding that RtcB plays a predominant role in mammalian RNA ligation reactions (18 -20) , we reasoned that a role for the 5Ј-3Ј RNA pathway could potentially be masked by RtcB in the previous Trpt1 knockout mouse study (31) . Therefore, we took advantage of our Trpt1 and RtcB double KO cells to reexamine this possibility. Using RT-PCR analysis, we compared levels of spliced XBP1 mRNA in Trpt1 ϩ/ϩ and Trpt1 Ϫ/Ϫ RtcB cKO cells after tunicamycin induction. We did not observe a significant difference in XBP1 splicing between Trpt1 ϩ/ϩ (E8H2) and Trpt1 Ϫ/Ϫ (T10D6) before or after RtcB was depleted ( Fig. 3, A  and B) . Because it has been suggested that the splice junction 2Ј-phosphate interferes with translation (31, 35) , we monitored XBP1s protein levels using Western blot analysis ( Fig. 3C ). Upon induction of ER stress by tunicamycin or DTT, XBP1s protein levels were not further down-regulated in the absence of Trpt1 (Fig. 3C ). These results indicated that the remaining XBP1s was not due to a mammalian 5Ј-3Ј RNA ligation pathway but might be due to residual RtcB activity after 4-OHT treatment or an unknown 3Ј-5Ј RNA ligase. We also compared tRNA Tyr splicing in Trpt1 ϩ/ϩ and Trpt1 Ϫ/Ϫ RtcB cKO cells ( Fig. 3D ). Consistent with XBP1 splicing, we did not observe a significant difference in spliced tRNA Tyr levels between Trpt1 ϩ/ϩ and Trpt1 Ϫ/Ϫ RtcB cKO cells. Thus, Trpt1 does not have any significant contribution to endogenous noncanonical RNA splicing in mammalian cells.
CNP inhibits RtcB-mediated XBP1 splicing in vitro and in vivo
Our results thus far show that Trpt1, an essential enzyme of the 5Ј-3Ј RNA ligase pathway, is not involved in XBP1 splicing. This finding raises the question of how other putative components such as CNP and Clp1 are involved in the regulation of noncanonical RNA splicing. CNP is the only mammalian enzyme known to hydrolyze the 2Ј,3Ј-cyclic phosphate bond, giving rise to RNA termini with 2Ј-PO 4 and 3Ј-OH, in the first step of 5Ј-3Ј RNA ligation (36) . RtcB requires RNA substrates with either 2Ј,3Ј-cyclic phosphate or 3Ј-PO 4 and 2Ј-OH at the 3Ј-end and those with 5Ј-OH at the 5Ј-end to complete a ligation reaction (21, 37, 38) . Thus, if CNP hydrolysis occurs at cleaved RNA termini, those RNA termini cannot be ligated by RtcB due to different substrate requirements for 3Ј-5Ј and 5Ј-3Ј RNA ligases. Consequently, CNP is expected to inhibit RtcB-mediated XBP1 splicing by converting cleaved exons to an incompatible form rather than positively contributing to XBP1 splicing. To test this hypothesis, we first investigated the effect of CNP on XBP1 splicing in vitro. To efficiently reconstitute in vitro XBP1 splicing reactions, we chose to purify recombinant His-tagged Escherichia coli RtcB protein because E. coli RtcB is soluble and highly active, and pure RtcB is easily generated ( Fig. 4, A and B) . Importantly, we showed that E. coli RtcB is fully functional by genetic rescue experiments in RtcB cKO ES cells ( Fig. 4A ). Using recombinant RtcB and IRE1␣ cytoplasmic domain (IRE1␣C; from a commercial source), we reconstituted the XBP1 splicing reaction in vitro (Fig. 4B ). By adding increasing amounts of purified GST-CNP or GST proteins, RT-qPCR analysis showed that GST-CNP but not GST alone inhibited RtcB-dependent XBP1 splicing (Fig. 4B ). Thus, CNP can suppress RtcB-mediated ligation in vitro.
To test whether CNP plays an inhibitory role in endogenous XBP1 splicing during ER stress, we first knocked down endogenous CNP protein in HEK293T cells using PiggyBac transgenics (39) to stably express shRNA against CNP. When comparing the control with CNP shRNA-expressing cells, quantitative analysis of XBP1 splicing showed that during a time course of ER stress induction by tunicamycin, down-regulation of CNP significantly increased XBP1 splicing (Fig. 4C) . Similar results were seen with other UPR inducers, including DTT and thapsigargin ( Fig. 4D ). To rule out off-target effects of shRNA, we verified the effect of CNP knockdown on XBP1 splicing with a different shRNA (Fig. 4E ). In addition to the up-regulation of spliced XBP1 levels, we also observed a consistent increase of total XBP1 mRNA levels upon CNP knockdown. This observation is consistent with the existence of a known positive feedback loop of XBP1 on its own transcription (6, 40) . Changes of total XBP1 mRNA levels were previously observed in cells defective in XBP1 splicing (18) . Furthermore, we tested 
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whether the observed increase of XBP1s had an effect on other known XBP1 target genes (6, 41) . Using RT-qPCR, we showed that Serp1, Sec24D, and HerpUD1 mRNA levels increased upon CNP depletion (Fig. 4, F and G) .
To further validate the role of CNP in XBP1 splicing in mammalian cells, we designed an sgRNA targeting exon 2 of the mouse CNP gene (Fig. 5A ). By coexpression of CNP sgRNA and Cas9 in mouse ES cells, we generated CNP KO cells (Fig. 5B ).
The sgRNA we designed specifically targets mouse but not human CNP cDNA, thus allowing us to carry out a rescue experiment with a human CNP cDNA expression vector. Using CNP KO and hCNP-rescued KO cells, we compared the induction of XBP1 splicing during ER stress. After thapsigargin treatment for 1, 2, and 3 h, we observed more robust XBP1 splicing in CNP Ϫ/Ϫ cells and XBP1 splicing levels approximating WT levels in hCNP-introduced CNP Ϫ/Ϫ cells (Fig. 5, C and D) . Similarly, CNP knockout in mouse ES cells lead to up-regulated expression of EDEM and Erdj4, both known to be XBP1 target genes (Fig. 5E ). In summary, with two different experimental approaches and in two different cell types, our data demonstrate that CNP negatively regulates XBP1 splicing during the UPR.
Overexpression of CNP attenuates XBP1 splicing in HEK293T cells
In light of our CNP loss-of-function results, we next tested whether CNP overexpression would lead to down-regulation of XBP1 splicing during the UPR in 293T cells. We were able to express exogenous FLAG-tagged CNP at a significantly higher level than the endogenous protein in 293T cells. Consistent with our hypothesis, we showed that increased CNP levels attenuated XBP1 splicing (Fig. 6A ). However, we noted that the effect of CNP overexpression on XBP1 splicing in cells was modest compared with that seen in the in vitro assay (Fig. 4B) .
Several reasons may account for the modest effect of CNP overexpression. First, in our experimental system, we did not achieve a comparably high level of CNP expression as reported in the brain tissue ( Fig. 6B and Refs. 36 and 42). The extremely abundant CNP protein in the nervous system likely has a strong inhibitory effect on XBP1 splicing. Alternatively, RtcA has been described to counteract CNP by converting RNA termini of 2Ј-PO 4 and 3Ј-OH back to a form with 2Ј,3Ј-cyclic phosphate in vitro (43) (44) (45) . Noticeably, RtcB and RtcA have lower levels of expression in the brain compared with 293T cells (Fig. 6B) . The presence of RtcA in 293T cells may have contributed to a less pronounced effect of CNP overexpression.
Regulation of XBP1 splicing by RtcA
To investigate the possibility of RtcA counteracting CNP in the regulation of XBP1 splicing, we knocked down endogenous (18) . The RNA products were purified and analyzed by RT-qPCR. The results were normalized to the total reporter RNA levels in the reactions. C, knockdown of CNP by shRNA-1 (sh-1) in HEK293T cells. CNP down-regulation was verified by Western blotting. Upon ER stress induction by tunicamycin for the indicated times, spliced and total XBP1 mRNA levels were quantified by RT-qPCR. D, as in C, ER stress was induced in CNP knockdown cells by DTT for 2 h and thapsigargin (Tg) for 3 h. Spliced (top panel) and total (bottom panel) XBP1 mRNA levels were quantified. E, to control for off-target effects of RNAi, the experiment in C was repeated with a different shRNA (CNP shRNA-2 (sh-2)). F and G, up-regulation of XBP1 target genes in CNP knockdown cells. Expression of previously identified XBP1 targets (Serp1, Sec24D, and HerpUD1) were analyzed by RT-qPCR. GAPDH was used for normalization. The results are shown as mean Ϯ S.E. (error bars) and were subjected to two-tailed t tests. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001. CTL, control. 
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RtcA protein in 293T cells and tested levels of XBP1 splicing during ER stress. As shown in Fig. 4 , ER stress was induced by tunicamycin, and XBP1 splicing was monitored in a time course. Our results showed that XBP1 splicing significantly decreases in RtcA-down-regulated cells compared with the control (Fig. 7, A and B) . Moreover, mRNA levels of previously characterized XBP1 target genes, Serp1, Sec24D, and HerpUD1, were also down-regulated upon RtcA knockdown (Fig. 7, C  and D) .
If RtcA and CNP counteracted each other to regulate the substrate availability for RtcB ligation, then a combination of CNP overexpression and RtcA down-regulation should enhance inhibitory effects on XBP1 splicing. To test this hypothesis, we coexpressed CNP cDNA and RtcA shRNA in 293T cells. Compared with the controls, the combination of RtcA shRNA and CNP cDNA expression achieved a maximal inhibitory effect on XBP1 splicing (Fig. 7E) .
In summary, the data presented here support a working model in which mammalian components that possess individual enzymatic activities corresponding to a single step of the yeast 5Ј-3Ј RNA ligation pathway exhibit regulatory functions to control the substrate availability for the RtcB-mediated ligation reaction downstream of IRE1␣ cleavage during the UPR. In this regulation, CNP and RtcA counteract each other to finetune the appropriate level of compatible RNA substrates for RtcB and control the signaling output of spliced XBP1 mRNA (Fig. 7F ).
Discussion
The UPR contributes to the pathophysiological process of a variety of human diseases ranging from diabetes to neurodegeneration to cancer (46 -50) . Genetic manipulations of this pathway have revealed a complex picture in which modulation of a UPR signaling output can have context-specific and even opposite effects on the disease progression in animal models. For example, XBP1 knockout in pancreatic ␤-cells led to reduced insulin secretion and loss of ␤-cells (51). However, overexpression of XBP1 surprisingly induced ␤-cell apoptosis and down-regulated insulin expression (52) . In contrast, XBP1 knockout in the nervous system promoted neuroprotection in ALS (53) and Huntington's disease mouse models (54) , whereas XBP1s overexpression by adeno-associated virus improved neuron and oligodendrocyte survival in Parkinson's disease (55) and spinal cord injury models (56) . Importantly, changes in XBP1 gene dosage in XBP1 ϩ/Ϫ animals appeared to be suffi-cient to affect the degeneration of the retina (57) and spiral ganglion cells (58) . Furthermore, a polymorphism in human XBP1 promoter that impairs its transcriptional feedback has been associated with risk of Alzheimer's disease (59) and bipolar disorder (60) . In addition, XBP1 has been shown to be transcriptionally up-regulated by brain-derived neurotrophic factor and brain activity (50). Taken together, fine-tuning of spliced XBP1 levels is critical for specific cell types to cope with the cellular stress associated with disease pathogenesis. During ER stress, XBP1 splicing is a hallmark and the primary signaling output of the conserved IRE1 UPR branch (5, 6) . This noncanonical mRNA splicing consists of two essential steps: the cleavage of precursor XBP1 mRNA by IRE1␣ and the ligation of cleaved XBP1 exons. In principle, regulations in either step can alter the level of XBP1 splicing. In the past, much attention has been focused on the regulation of IRE1 activity during ER stress in part because RtcB was only recently identified as the mammalian UPR RNA ligase (18 -20) . In this study, by focusing on mammalian proteins involved in a parallel yeast-like 5Ј-3Ј RNA ligation reaction, we demonstrate that CNP and RtcA regulate the output of XBP1 splicing by enzymatic conversion of compatible substrates for RNA ligation. More importantly, the finetuning of XBP1 splicing by CNP and RtcA significantly alters the expression levels of direct targets of XBP1. Thus, this regulation can play a critical role in the progression of disease states (e.g. neurodegeneration) associated with ER stress.
Prior to this study, the role of a purported 5Ј-3Ј RNA ligation pathway in the UPR remained elusive (61) . Using cells deficient for both RtcB and Trpt1, we show that a 5Ј-3Ј RNA ligation pathway, if it exists, does not act as a parallel/compensatory mechanism to generate a significant amount of spliced XBP1 even in the absence of the primary ligase RtcB. Instead, the components in the pathway have a regulatory function to modulate levels of RtcB-mediated ligation. We show that the 2Ј,3Јcyclic phosphodiesterase component of the 5Ј RNA ligation pathway, CNP, inhibits XBP1 splicing. CNP is expressed as one of the most abundant and long-lived proteins in the nervous system (36, 42) . CNP knockout mice suffer from axonal loss and neurodegeneration (26) . Given its inhibitory role in XBP1 splicing shown in this study, we hypothesize that upon ER stress, CNP desensitizes XBP1 splicing in the nervous system. The IRE1-RtcB-XBP1 axis of the UPR is likely hyperactivated in CNP knockout mice. Hyperactivation of XBP1 splicing provides a plausible explanation for the neurodegenerative pheno- type observed with CNP deficiency. However, no analysis of the UPR has been reported for the CNP knockout mice. It is therefore important to quantitatively analyze both acute and chronic ER stress responses, including XBP1 splicing, to further test this hypothesis.
In addition, our study shows that RtcA with an opposite enzyme activity facilitates XBP1 splicing during the UPR. Thus, the balancing act between CNP and RtcA is crucial for maintenance of appropriate levels of XBP1s; hence, skewing this balance in one direction influences the UPR output and cell fate decision. Consistent with our hypothesis, genetic alterations of RtcA appear to have an opposite neuronal phenotype compared with CNP knockout (62) . Loss of RtcA function increased axon regeneration in Drosophila, whereas its overexpression decreased the regeneration capacity after injury. Similarly, RtcB was also shown to inhibit axon regeneration in the GABA motor neurons of Caenorhabditis elegans (63) .
Clp1, another putative component in the 5Ј-3Ј pathway, has a kinase activity that is capable of phosphorylating the 5Ј-OH in cleaved exons. Interestingly, mice expressing a kinase-dead Clp1 exhibited a progressive loss of lower motor neurons (29) . Homozygous mutations in Clp1 have also been identified in human patients with severe motor sensory defects, cerebral neurodegeneration, and microcephaly (27, 28) . Thus, a defi- CNP and RtcA regulate XBP1 splicing ciency in 5Ј-3Ј RNA ligation components appears to manifest itself in the nervous system. To define the precise role of Clp1 in UPR regulation, future biochemical and genetic experiments are necessary.
Experimental procedures
Plasmid construction
Vectors for sgRNA or shRNA were generated with oligos from Integrated DNA Technologies (Table S1 ). Phosphorylated DNA oligos were annealed and ligated into a BbsI site in the PiggyBac (PB) vector (39) with mouse U6 promoter to express shRNA or sgRNA, respectively. For cDNA-expressing PB vectors, cDNAs amplified with Q5 polymerase from New England Biolabs were cloned downstream of CAG promoter between EcoRI and XhoI sites in a PB vector. For bacterial protein expression plasmids, cDNAs were cloned into pGEX-KG (for GST tag) or pET28b.
Cell culture and ER stress induction
HEK293T cells were cultured in Dulbecco's modified Eagle's medium (4.5g/liter D-glucose; Gibco) with 10% fetal bovine serum (Benchmark FBS, Gemini) and 1ϫ penicillin-streptomycin-glutamine (Gibco). Mouse AB2.2 ES cells (mESCs) were cultured with knockout Dulbecco's modified Eagle's medium with 15% fetal bovine serum, 1ϫ penicillin-streptomycin-glutamine, 100 M ␤-mercaptoethanol, and mouse leukemia inhibitory factor. mESCs were routinely cultured on feeder cells. For phenotype analysis, mESCs were cultured on a gelatinized surface without feeder cells. For the cell survival experiments, RtcB deletion was induced by 4-OHT treatment at a final concentration of 1 M in E8H2 and T10D6 mESCs as described previously (18) . Viable cells were stained on the plates with 2% methylene blue in 70% ethanol and destained with distilled water.
For stable shRNA transfection, HEK293T cells were cotransfected with shRNA-expressing PB vectors and a PBase-expressing plasmid using Lipofectamine 2000 (Life Technologies). Transfected cells were selected with 2 g/ml puromycin for shRNA expression. For stable cDNA-expressing cells, 293T cells were selected with 10 g/ml blasticidin. After 2-day selection and 1-day drug-free recovery, the stably transfected HEK293T cells were subjected to UPR induction with 0.2 g/ml tunicamycin, 1 mM DTT, or 0.4 g/ml thapsigargin for the indicated times. For UPR induction in mESCs, 2 g/ml tunicamycin, 0.15 g/ml thapsigargin, or 2 mM DTT was used.
Gene targeting in mESCs
To generate Trpt1 knockout mESCs, we obtained Trpt1 gene-targeting vector (DPGS00168_A_D11) from the Knock Out Mouse Project (KOMP) through BACPAC Resources, Children's Hospital Oakland Research Institute (64) . The E8H2 RtcB cKO cell line was electroporated with the linearized targeting vector, and after neomycin selection, this cassette was removed with transient FLP expression in the first-round targeted clones. The mESCs homozygous for both targeted alleles were obtained by the repeated gene targeting process described above.
To generate CNP knockout mESCs, we coelectroporated a CNP sgRNA-expressing PB vector with a Cas9 expression vector from Addgene. Individual ES clones were screened for loss of the XbaI site in the genome, and the positive clones were verified by DNA sequencing and Western blot analysis.
RNA extraction and quantitative PCR analysis
Total RNA was extracted using TRIzol according to the manufacturer's protocol (Life Technologies). Following DNase I (Roche Applied Science) treatment, cDNA was synthesized with oligo(dT) or tRNA Tyr -specific primer 3918 using a Thermo Fisher reverse transcription kit following the company's protocol. RT-qPCRs were performed with Power SYBR Green PCR Mix (Life Technologies) to quantify different RNAs with primers listed in Table S1 .
Western blotting
Antibodies used for Western blotting in this study include rabbit anti-RtcB (19809-1-AP, Proteintech), mouse anti-␤-tubulin (DSHB, E7), mouse anti-CNP (sc-166019, Santa Cruz Biotechnology), rabbit anti-XBP1s (619502, BioLegend), rabbit anti-Trpt1 (31) (Ron Lab, University of Cambridge), mouse anti-FLAG (F7425, Sigma), rabbit anti-RtcA (15996-1-AP, Proteintech), and horseradish peroxidase-conjugated secondary antibodies (Santa Cruz Biotechnology and Bio-Rad). XBP1simmunoreactive bands were quantified with the Odyssey IR Imaging System (LI-COR Biosciences).
Recombinant protein purification
BL21 (DE3) E. coli cells that expressed His-E. coli RtcB, GST-CNP, and GST were grown at 37°C in Luria-Bertani medium to mid-log phase. After 3-h induction with 0.2 mM isopropyl 1-thio-␤-D-galactopyranoside at 37°C, GST fusion proteinexpressing cells were collected by centrifugation and lysed by sonication in 20 mM Tris-HCl, pH 8.0, 100 mM NaCl, 1 mM EDTA, 1 mM PMSF. The lysate was incubated with glutathione-Sepharose beads and then washed with a high-salt buffer (450 mM NaCl, 20 mM Na 2 HPO 4 , pH 7.3, 0.5 mM EDTA, 1% Triton, 1 mM PMSF, 1 mM DTT) four times and subsequently with a low-salt buffer (150 mM NaCl, 20 mM Na 2 HPO 4 , pH 7.3, 0.5 mM EDTA, 0.01% Triton, 1 mM PMSF, 1 mM DTT). The GST proteins were eluted with 10 mM GSH in PBS. Bacteria expressing His-E. coli RtcB were collected by centrifugation and lysed by sonication in 20 mM Tris-HCl, pH 8.0, 100 mM NaCl, 1 mM PMSF, 20 mM imidazole. The lysate was applied to nickel beads and then washed with a high-salt buffer (450 mM NaCl, 20 mM Na 2 HPO 4 , pH 7.3, 1% Triton, 1 mM PMSF, 20 mM imidazole) four times and subsequently with a low-salt buffer (150 mM NaCl, 20 mM Na 2 HPO 4 , pH 7.3, 0.01% Triton, 1 mM PMSF, 20 mM imidazole). His-E. coli RtcB protein was then eluted with 200 mM imidazole in PBS. All purified proteins were dialyzed in 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 10% glycerol, 0.1 mM MgCl 2 , 0.1 mM MnCl 2 , 0.1 mM DTT.
In vitro XBP1 splicing reaction
The in vitro XBP1u splicing reaction was carried out as described previously (18) . 10 ng of in vitro transcribed V5-XBP1u in -Rn transcript (MAXIscript T7 kit by Life Technol-CNP and RtcA regulate XBP1 splicing ogies), 1 g of GST-IRE1␣C (Sino Biological), purified E. coli RtcB, GST-CNP, and GST proteins were incubated in kinase buffer (2 mM ATP, 2 mM GTP, 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM MnCl 2 , 1 mM MgCl 2 , 5 mM ␤-mercaptoethanol) at 37°C for 2 h. RNA was purified from the reactions with and RNA Clean & Concentrator kit (Zymo Research) for RT-qPCR analysis.
Statistical analysis
The data in this study are shown as means with S.E. Comparisons between groups were made by Student's t test (two-tailed, unpaired). p values less than 0.05 were considered significant.
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